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A REVIEW OF THE BIOLOGICAL EFFECTS 

OF VERY LOW MAGNETIC FIELDS 

By Charles C .  Conley 

Ames Research Center 

SUMMARY 

The f irst  s t u d i e s  of t h e  effects upon l i v i n g  organisms of exposure t o  
magnetic f i e l d s  lower than  t h a t  of t he  Earth were made wi th in  the  p re sen t  
decade. In  t h i s  review, t en  of t hese  are tabula ted  according t o  t h e  taxonomic 
c l a s s i f i c a t i o n  of t h e  organism s tud ied .  Also included i n  the  t abu la t ion  a r e  
e leven s t u d i e s  of t h e  e f f e c t s  of f i e l d s  i n  the  geomagnetic range. Reports of 
s t u d i e s  of very  low magnetic f i e l d  e f f e c t s  were not found f o r  fung i ,  echino- 
derms, amphibians o r  subhuman pr imates;  s p e c i f i c  s t u d i e s  of musculo-skeletal  
func t ions  have not  been r epor t ed ,  nor do u l t r a s t r u c t u r a l  techniques appear t o  
have been appl ied  t o  the  s tudy of  very low magnetic f i e l d  e f f e c t s .  A u s e f u l  
body of information should inc lude  such s t u d i e s .  

Nonetheless,  some wel l  con t ro l l ed  experiments reviewed he re in  appear t o  
have e s t ab l i shed  t h a t  c e r t a i n  lower i n v e r t e b r a t e s ,  protozoans,  and p l a n t s  a r e  
indeed s e n s i t i v e  t o  the  v e c t o r  of the  ambient magnetic f i e l d  i n  t h e  geomag- 
n e t i c  range, and t h a t  i n  nea r ly  n u l l  magnetic f i e l d s ,  t h e  growth, reproduct ive,  
aging, behaviora l  and phagocyt ic  func t ions  of some spec ie s  a r e  a f f e c t e d .  

Two s t u d i e s  of very low magnetic f i e l d  e f f e c t s  done i n  t h e  a u t h o r ' s  
l abora tory  a r e  descr ibed  i n  d e t a i l ;  t hese  show a reduced cyto-enzyme 
syn thes i s  r a t e  in vivo i n  mice, but  no r eac t ion  r a t e  change in vitro. 

INTRODUCTION 

Man's exp lo ra t ion  of space i s  r e s u l t i n g  i n  h i s  prolonged sepa ra t ion  from 
t h e  t e r r e s t r i a l  magnetic f i e l d .  In  f i g u r e  1, a t y p i c a l  d i s t r i b u t i o n  of t h e  
geomagnetic f i e l d  a t  t h e  E a r t h ' s  su r f ace  i s  shown on a Mercator p ro jec t ion .  
Spacecraf t ,  a t  t h e  a l t i t u d e  and l a t i t u d e s  of t he  u s u a l  near  Earth o r b i t s ,  
w i l l  be exposed f o r  t h e  most p a r t  t o  magnetic f i e l d s  no lower than those 
around Rio de J a n e i r o  a t  sea l e v e l .  But i n  space f l i g h t s  car ry ing  him more 
than  10 Earth r a d i i  (about 1 /6 th  t h e  d i s t ance  t o  the  Moon) away from t h e  
Ea r th ' s  cen te r ,  man f i n d s  t h e  i n t e n s i t y  of h i s  magnetic environment t o  be near 
zero ( f i g .  2 ) .  I n t e r p l a n e t a r y  probes ( r e f s .  2 and 3) have revea led  extremely 
low magnetic f i e l d s ,  t h a t  i s ,  i n  the  range of  a few gamma Oersted) of 
i n t e n s i t y ,  and p l ane ta ry  probes ( r e f s .  4-6) show f i e l d s  of considerably less 



Figure 1.- The total intensity of the Earth's magnetic field. Expressed in kilogammas 
(0.01 Oersted). Source: U. S. Geological Survey no. 1703. 
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Figure 2.- Field magnitude measurements during a magnetic storm (Explorer VI) (ref. 1). 
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than 100 gamma n e a r  Mars and Venus, f o r  example ( t a b l e  I ) .  In add i t ion ,  t h e  
makeup of t h e  p re sen t  gene ra t ion  o f  manned spacec ra f t  has  been est imated t o  
cause only minimal modi f ica t ion  o f  t hese  ambient, n u l l  magnetic f i e l d s  wi th in  
t h e  v i c i n i t y  o f  t h e  crew. 

TABLE 1.- SOME REPRESENTATIVE MAGNETIC FIELD INTENSITIES 

[Adapted from r e f .  71 
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Beischer ( r e f .  8) r e c e n t l y  expressed most s u c c i n c t l y  t h e  b a s i s  f o r  
a n t i c i p a t i n g  b i o l o g i c a l  problems r e l a t e d  t o  exposure t o  the  nea r ly  n u l l  mag- 
n e t i c  f i e l d  o f  o u t e r  space as fol lows:  " I t  i s  hypothesized t h a t  t h e  presence 
of  a magnetic f i e l d  during t h e  major p a r t  o f  t he  development of l i f e  on Earth 
has played a c e r t a i n  r o l e  i n  development and t h a t  l i v i n g  beings probably can- 
no t  be removed from t h e  geomagnetic environment without pena l ty . "  I n  t h i s  
r e spec t ,  t h e  f ind ings  o f  Harr i son  and Funnel ( r e f .  9),  r e c e n t l y  confirmed by 
Watkins and Goodell ( r e f .  l o ) ,  o f  a c o r r e l a t i o n  between t h e  t i m e  o f  e x t i n c t i o n  
of  c e r t a i n  l i v i n g  spec ie s  and t h e  occurrence of  geomagnetic p o l a r i t y  rever -  
sals provide sugges t ive  evidence f o r  a s i g n i f i c a n t  i n f luence  of  geomagnetism 
upon t e r r e s t r i a l  l i f e .  

I t  i s  t h e  purpose of  t h i s  paper  t o  review con t r ibu t ions  t o  t h e  under- 
s tanding  of t h e  b i o l o g i c a l  s i g n i f i c a n c e  of  magnetic f i e l d s  of  t h e  i n t e n s i t i e s  
found i n  na tu re ,  e s p e c i a l l y  i n  t h e  e x t r a t e r r e s t r i a l  environment, and t o  
p re sen t  some o r i g i n a l  da t a .  

PREVIOUS REVIEWS OF THE SUBJECT 

I t  i s  t o  be remembered t h a t  i n  t h e  temperate zones, t h e  t e r r e s t r i a l  
magnetic f i e l d  i s  of t h e  o rde r  o f  0 .5  Oersted ( i . e . ,  5x104 gamma, s e e  f i g .  1 ) .  
In  d iscuss ing  t h e  research  work c i t e d  he re ,  t h e  term geomagnetic i n t e n s i t y  
s h a l l  r e f e r  t o  f i e l d s  of  t h i s  o rde r ,  o r  a t  t he  h ighes t ,  f i e l d s  of  a few 
Oersted.  These l a t t e r  f i e l d s ,  sometimes r e f e r r e d  t o  as Zow f i e l d s ,  have 
gene ra l ly  been appl ied  by means o f  a small b a r  magnet i n  experiments concerned 
with t h e  effects of  t h e  d i r e c t i o n  of  t h e  geomagnetic vec to r .  In  such s t u d i e s  
t h e  technique has thus  been t o  superimpose a f i e l d  just s l i g h t l y  s t r o n g e r  
than  t h e  h o r i z o n t a l  component of  t h e  E a r t h ' s  f i e l d .  

We a r e  p r imar i ly  concerned, however, with subgeomagnetic f i e l d  i n t e n s i -  
t i e s ,  s i n c e  t h a t  i s  t h e  condi t ion  i n  o u t e r  space.  When t h e  terms very Zow 
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near-zero, o r  nu22 magnetic f i e l d  i n t e n s i t y  are used, they s h a l l  r e f e r  t o  
f i e l d s  of  t h e  o r d e r  o f  a few gamma ( i . e . ,  about Oers ted) .  I n  t h e  b i b l i o -  
graphic  t a b l e  ( t a b l e  3 ) ,  wherever poss ib l e ,  t he  f i e l d  i n t e n s i t i e s  a r e  given 
i n  m i l l i o e r s t e d  (mOe) t o  f a c i l i t a t e  comparisons. 

In  one o f  t h e  most thorough recent  reviews, Busby ( r e f .  11) has organized 
t h e  r e p o r t s  of high magnetic f i e l d  e f f e c t s  on b i o l o g i c a l  systems i n  t a b u l a r  
form. O f  a t o t a l  148 re ferences  c i t e d ,  4 a r e  t o  works concerned with low 
f i e l d  effects,  and 15 are t o  r e p o r t s  of very low f i e l d  s t u d i e s :  no t a b u l a t i o n  
of  t hese  l a t t e r '  groups i s  presented .  To Busby's low and very low f i e l d  c i t a -  
t i o n s ,  only 13 can be added t o  da te ,  i n d i c a t i n g  t h e  small amount o f  publ i shed  
work of  t h i s  type.  But it should be remembered t h a t  u n t i l  q u i t e  r e c e n t l y  
( r e f .  7) t h e r e  were no r epor t ed  b i o l o g i c a l  s t u d i e s  of  magnetic f i e l d s  below 
t h e  i n t e n s i t y  o f  geomagnetism. 

An organized,  a n a l y t i c a l  approach t o  the  l i t e r a t u r e  of biomagnetic 
e f f e c t s  appears i n  r e fe rence  1 2 .  Here, again,  t h e  pauc i ty  of  very low f i e l d  
experiments i s  ev ident ;  t h e r e  were no r e fe rences  t o  such s t u d i e s  out  of  a 
t o t a l  o f  over  200 r e p o r t s  c i t e d .  However, Gross d id  c i t e  62 pub l i ca t ions  o f  
s t u d i e s  i n  t h e  geomagnetic range; of  t hese  23 r e f e r r e d  t o  b i r d  naviga t ion .  

I n  a b r i e f  review r e l a t e d  t o  space t r a v e l  cons ide ra t ions ,  Beischer  and 
M i l l e r ' s  ( r e f .  13) prev ious ly  unpublished very low f i e l d  experimental  f i nd ings  
were c i t e d  as t h e  only re ference  t o  subgeomagnetic work out  of 29 c i t a t i o n s .  

Becker ( r e f .  14) publ ished a wel l  organized review with 44 c i t a t i o n s ,  and 
although he himself  i s  one o f  the  few experimenters  t o  have s tud ied  subgeomag- 
n e t i c  f i e l d  e f f e c t s  ( r e f .  15) ,  he d id  not  c i t e  t h i s  p a r t i c u l a r  work, o r  any 
o t h e r  such very low f i e l d  s t u d i e s ,  i n  h i s  survey.  

A thoroughly comprehensive review was publ ished by Davis and co-workers 
( r e f .  16) under the  superv is ion  of  A. J.  Jacobius  f o r  t h e  Federa t ion  o f  
American S o c i e t i e s  f o r  Experimental Biology. I t  i s  c a r e f u l l y  annotated and 
has become a s t anda rd  source .  But, al though it conta ins  nea r ly  400 r e f e r -  
ences ,  none a r e  t o  work i n  subgeomagnetic f i e l d s .  These reviewers  have 
def ined  "low i n t e n s i t y "  f i e l d s  as l e s s  than 100 gauss,  f o r  t h e i r  purposes .  
They do supply 80 re ferences  t o  s t u d i e s  of geomagnetic f i e l d  e f f e c t s ;  h a l f  o f  
t hese  concern b i r d  nav iga t iona l  experiments and observa t ions .  

The review by Alexander ( r e f .  17)  l i s t s  40 r e fe rences ,  bu t ,  aga in ,  none 
a r e  t o  subgeomagnetic work. D r .  Alexander and h i s  company are t o  be thanked 
f o r  arranging the  1961 t r a n s l a t i o n  o f  t h e  monumental "Course i n  Magneto- 
biology" given by Valent inuzz i  a t  t h e  School of Medicine of  Montevideo 
( r e f .  18 ) .  In  t h i s  work t h e r e  are 113 r e fe rences ,  b u t ,  as could be expected, 
none t o  subgeomagnetic experiments. 

In  Leikind and Wiener's annotated b ib l iography prepared f o r  t h e  Of f i ce  
o f  Naval Research ( r e f .  19), t h e r e  a r e  82 r e fe rences ,  22 a r e  t o  b i r d  naviga- 
t i o n a l  s t u d i e s  and 4 a r e  t o  geomagnetic e f f e c t s  i n  o t h e r  animals.  
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TECHNIQUES FOR PRODUCING LOW AND VERY LOW MAGNETIC FIELDS 

Prec i se  and r e l i a b l e  measurements of  t h e  f l u c t u a t i o n s  i n  t h e  n a t u r a l  
geomagnetic f i e l d  a r e  p o s s i b l e  wi th  modern equipment and can provide important 
d a t a  f o r  c o r r e l a t i o n s  i n  observa t iona l  s t u d i e s  o f  b i o l o g i c a l  systems. There 
i s  a real  need f o r  expansion of  t h i s  kind o f  work; i t  i s  exemplified by t h e  
s t u d i e s  of Alvarez ( r e f .  20) ,  Diill and D i i l l  ( r e f .  21) ,  and R .  0 .  Becker and 
co-workers ( r e f .  22) which show c o r r e l a t i o n s  between human f a c t o r s ,  such as 
mental i l l n e s s ,  and v a r i a t i o n s  i n  t h e  geomagnetic f i e l d .  Even though such 
work i s  d i f f i c u l t  t o  accomplish and i n t e r p r e t ,  modern computation equipment 
should f a c i l i t a t e  it, and modern sc i ence  demands i t .  

But we are p r i m a r i l y  concerned he re  wi th  t h e  experimental  a l t e r a t i o n  o r  
reduct ion  of  t h e  ambient magnetic f i e l d  and s h a l l  expand on J .  M .  Barnothy's 
l i s t  ( r e f .  23) of  4 major ca t egor i e s  of  techniques f o r  accomplishing t h i s .  

1. Superimposition o f  f i e l d s ,  a f e w  Oersted i n  i n t e n s i t y ,  i s  done by 
using ba r  magnets, u s u a l l y  i n  o rde r  t o  change t h e  d i r e c t i o n  o f  t h e  geomagnetic 
f i e l d  vec to r ,  a technique descr ibed  i n  d e t a i l  by Brown and co-workers 
( r e f .  24) .  

2 .  Astatisation i s  t h e  t e r m  f o r  n u l l i f y i n g  t h e  l o c a l  components of  the  
E a r t h ' s  f i e l d  wi th  appropr i a t e ly  pos i t i oned  permanent magnets. 

3 .  ShieZding o f  t h e  s u b j e c t  from t h e  geomagnetic f i e l d  can be  accom- 
p l i shed  by surrounding t h e  experimental  reg ion  completely with metal  shee t s  
o f  very high magnetic pe rmeab i l i t y ,  so -ca l l ed  Mu-metal. Such ma te r i a l  i s  
thought t o  d e f l e c t  t h e  f o r c e  f i e l d  by concent ra t ing  i t  wi th in  the  metal sub- 
s t ance .  Concentr ic  l a y e r s  of  Mu-metal can b r i n g  t h e  f i e l d  contained i n  t h e  
experimental  volume down t o  a few gamma o r  even lower.  Such equipment usu- 
a l l y  imposes s t r i c t  s i z e  l i m i t a t i o n s  on t h e  working volume. But t h e r e  a r e  
except ions ,  such as t h e  metal  room of dimensions adequate t o  accommodate 
human s u b j e c t s  which i s  i n  use by the  Un ive r s i ty  o f  I l l i n o i s  i n  Chicago, and 
was descr ibed r e c e n t l y  i n  a paper  presented  by Cohen ( r e f .  25) .  

4 .  Compensation: Large near -zero  magnetic f i e l d  working volumes can be  
obtained probably most cheaply by t h e  use  o f  a system of compensating c o i l s  
of  t he  Helmholz type .  Three c o i l s ,  o r i en ted  i n  t h e  p lanes  o f  t h e  t h r e e  
n a t u r a l  dimensions, can be a c t i v a t e d  s o  as t o  n u l l i f y  a l l  t h r e e  v e c t o r i a l  
components of t h e  E a r t h ' s  f i e l d .  With appropr i a t e  c i r c u i t r y ,  t h e  cu r ren t s  i n  
t h e  c o i l s  can be modulated t o  fol low and compensate t h e  n a t u r a l  d a i l y  changes 
i n  t h e  E a r t h ' s  f i e l d .  These changes are gene ra l ly  on t h e  o r d e r  of + lo0  
gamma/24 h r .  
t h e  day. These fas t  components have, i n  fac t ,  been t h e  s u b j e c t  o f  some 
i n t e r e s t i n g  c o r r e l a t i o n s  wi th  encephalographic a c t i v i t y  ( ref .  26) .  

But smaller f l u c t u a t i o n s  occur  a t  much h ighe r  f requencies  wi th in  

Such an arrangement of c o i l s  wi th  a compensating e l e c t r o n i c  servo  system 
has been cons t ruc ted  a t  Ames Research Center  t o  provide a usable  volume of  
some 3 cubic  feet  wi th in  which t h e  magnetic f i e l d  i n t e n s i t y  can be  kept  i n  
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t h e  range o f  a f e w  gamma o r  less, 
comparable t o  i n t e r p l a n e t a r y  l e v e l s .  
This  i s  i l l u s t r a t e d  i n  f i g u r e  3 and 
i s  desc r ibed  i n  d e t a i l  i n  refer- 
ence 27. By v i r t u e  o f  i t s  open 
cons t ruc t ion ,  t h i s  arrangement has  
t h e  important  advantage f o r  b io log -  
i ca l  experimentat ion t h a t  con t ro l  
s u b j e c t s  can be  placed nearby t h e  
t e s t  s u b j e c t s  and be  exposed f o r  
prolonged pe r iods  t o  t h e  same envi-  
ronmental cond i t ions  with t h e  excep- 
t i o n  only  of  t h e  magnetic f i e l d .  

Other  such l a r g e  f a c i l i t i e s ,  
i nc lud ing  those  mentioned i n  refer-  
ence 23, are loca ted  i n  Oakland, 
Michigan, a t  t h e  Ke t t e r ing  founda- 
t i o n ;  i n  S i l v e r  Spr ings ,  Maryland, 
a t  t h e  U .  S.  Naval Ordnance Labora- 
t o ry ;  and a t  t h e  NASA Goddard Space 
F l i g h t  Center ,  Greenbel t ,  Maryland. 
More compact ve r s ions  are a v a i l a b l e  
commercially. 

Figure 3 . -  Hypercubic c o i l  assembly of  space 
magnetid environment s imula t ion  labora tory  5 .  Combinations o f  Mu-Metal 
a t  t h e  NASA Ames Research Center ( r e f .  27).  s h i e l d i n g  and a c t i v e  e l e c t r i c a l  corn- 

pensa t ion  are i n  use ,  f o r  example, 
t h e  f a c i l i t y  a t  t h e  I n s t i t u t e  o f  Geophysics and P lane ta ry  Physics of t h e  
Un ive r s i ty  of C a l i f o r n i a  a t  Los Angeles ( r e f .  28) .  Combinations are a l s o  
o f f e r e d  i n  equipment made commercially. F igure  4 shows, i n  use  i n  our  labora-  
t o r y ,  t h e  bottom h a l f  of such a "flux" tank wi th  i t s  concen t r i c  metal walls 
enc los ing  a s e t  of  c o i l s  surrounding a t y p i c a l  small rodent  cage cons t ruc ted  
of  nonmagnetic and demagnetized materials. 

A s  i nd ica t ed  i n  r e fe rences  25 and 27, a primary purpose o f  near-zero 
magnetic f i e l d  f a c i l i t i e s  i s  t o  permit  t h e  measurement, by s e n s i t i v e  magnetom- 
e te rs ,  of minute magnetic f i e l d s  i n  a v a r i e t y  of  equipment and i n  l i v i n g  
systems. The importance of  t h i s  aspec t  of very  low f i e l d  s t u d i e s  involv ing  
magnetic f i e l d s  produced by l i v i n g  systems themselves cannot b e  overest imated 
(cf .  re f .  2 9 ) .  I t  may we l l  be  t h a t  real  apprec i a t ion  of  t h e  magnetic f a c t s  
of  l i f e  has  awaited t h e  development of f a c i l i t i e s  capable  o f  e l imina t ing  t h e  
overshadowing effect  o f  E a r t h ' s  n a t u r a l  f i e l d ,  however "weak" it i s  consid- 
e red  t o  be.  Thus, whi le  Baule ( re f .  30) has  indeed measured t h e  magnetocar- 
diogram of humans us ing  only t h e  simple p recau t ions  of  an outdoor loca t ion  
and a wooden bed, h i s  readings  a r e  of  t h e  o rde r  of  a f r a c t i o n  of a gamma o f  
magnetic f i e l d  produced, and one suspec ts  t h a t  t h e  p r e c i s i o n  of  h i s  records  
could have been even g r e a t e r  i n  a more completely s h i e l d e d  environment. 

S imi l a r ly ,  t h e  measurements by Gengere l l i  and co-work.ers (ref. 31) of 
t h e  magnetic f i e l d s  a s soc ia t ed  wi th  t h e  propagat ion of  nerve  a c t i o n  p o t e n t i a l s  
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Figure 4.- Magnetic shielding tank composed of concentric cylinders of Mu-metal, opened to show 
the three-axis compensating coil assembly surrounding an experimental subject. 

a r e  ca l cu la t ed  t o  be i n  t h e  100 gamma range,  t h e  range of very low f i e l d s .  
Such measurements would undoubtedly be more p r e c i s e  i f  taken i n  a reduced 
f i e l d  environment. 

But t he  most f a s c i n a t i n g  app l i ca t ion  of near -zero  f i e l d s  should be i n  
s tudying  the  e f f e c t s  of e l imina t ing ,  as completely as p o s s i b l e ,  t he  geomag- 
n e t i c  fo rce  t o  which a l l  l i v i n g  systems a r e  subjec ted  i n  na tu re  on t h e  Ear th .  
Ce r t a in ly ,  t h i s  i s  t h e  obvious and i d e a l  approach f o r  ground-based s imula t ion  
of t h e  near-zero magnetic f i e l d  of c e r t a i n  p l ane t s  and of  o u t e r  space .  
i s  only r e g r e t t a b l e  t h a t  f o r  research  purposes i n  o t h e r  a spec t s  of space 
biology,  it i s  no t  p o s s i b l e  t o  achieve comparable f i d e l i t y  i n  analogous, 
ground-based s imula t ion  o f  t h e  near-zero gravitational f i e l d  of o u t e r  space.  

I t  

THEORETICAL CONSIDERATIONS 

There i s  a ques t ion  as t o  t h e  b a s i s  f o r  organiz ing  a review of r e p o r t s  
of  t h e  i n t e r a c t i o n  between b i o l o g i c a l  systems and e x t e r n a l  environmental 
magnetic f i e l d s .  Even a review intended t o  cover only t h e  e f f e c t s  of l o w  o r  
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very low f i e l d s  ( those  nea r  o r  below geomagnetic i n t e n s i t y )  meets with t r e -  
mendous q u a l i t a t i v e  v a r i a t i o n  among a l l  t h e  experimental  approaches and 
r e s u l t s .  And, i n  the  p a s t ,  some phys ica l  s c i e n t i s t s  have r e g i s t e r e d  dismay 
a t  r e p o r t s  of biomagnetic f ind ings ,  p r o t e s t i n g  t h a t  t h e r e  was no ready 
t h e o r e t i c a l  b a s i s  f o r  t h e i r  i n t e r p r e t a t i o n .  

For tuna te ly ,  however, p a t t e r n s  are beginning t o  emerge among s t u d i e s  of  
b i o l o g i c a l  responses  t o  magnetic f i e l d  changes. High magnetic f i e l d  exposure 
has  been shown t o  provide  p r o t e c t i o n  aga ins t  b i o l o g i c a l  damage due t o  subse- 
quent ,  o r  even p r i o r ,  exposure t o  i on iz ing  r a d i a t i o n  i n  a v a r i e t y  o f  spec ie s  
(e .g . ,  refs. 32 and 33) .  

Poss ib ly  r e l a t e d  a r e  t h e  in v i t ro  f ind ings  o f  s e v e r a l  workers t h a t  t h e  
exposure of c e r t a i n  enzymes t o  high magnetic f i e l d s  p r i o r  t o  t h e  in t roduc t ion  
of  t he  s u b s t r a t e  enhances t h e i r  r e a c t i v i t y  ( r e f s .  34-36) . 

I n  add i t ion ,  s e v e r a l  spec ie s  o f  l i v i n g  organisms have by now been c l e a r l y  
shown t o  be s e n s i t i v e  t o  t h e  vec to r  of t h e  ambient o r  app l i ed  magnetic f i e l d ,  
e s p e c i a l l y  a t  i n t e n s i t i e s  near  t he  n a t u r a l ,  geomagnetic l e v e l  ( r e f s .  24 and 
37-40). 

I t  has thus  become p o s s i b l e  t o  hypothesize biomagnetic mechanisms, and 
although t h e s e  t h e o r i e s  are many and va r i ed ,  they  appear t o  c e n t e r  on two 
i n t e r r e l a t e d ,  major phys ica l  p r i n c i p l e s  ( c f .  ref. 41) .  

The f i rs t  is  t h a t  paramagnetic and diamagnetic b i o l o g i c a l  molecules a r e  
s u s c e p t i b l e  t o  app l i ed  magnetic fo rce  f i e l d s .  Thus, t h e  molecules are con- 
ceived o f  as being d isp laced  ( r e f .  42) o r ,  as i n  t h e  case of t h e  b i o l o g i c a l l y  
ubiqui tous  l i q u i d  c r y s t a l s ,  the  molecules may a c t u a l l y  become a l i n e d  
( r e f s .  43-45). 

The second p r i n c i p l e  forming a b a s i s  f o r  many biomagnetic t h e o r i e s  i s  
Faraday 's  law of  e lec t romot ive  fo rce ,  a s p e c i a l  case o f  which i s  t h e  H a l l  
e f f e c t .  Thus, t h e  movement of  ions  along charged membranes i n  t h e  presence 
of a magnetic f i e l d  i s  invoked t o  explain a v a r i e t y  of  b i o l o g i c a l  events  
which follow a l t e r a t i o n s  i n  t h e  magnetic environment ( r e f s ,  46-48) . The 
Hall  e f f e c t  i s  thought a l s o  t o  apply i n  the  case of  long organic  polymer mole- 
cu le s  which t h e o r e t i c a l l y  ( r e f .  49) may be capable  o f  a c t i n g  as superconduc- 
t o r s  even a t  body temperatures .  I t  i s  p o s s i b l e  t h a t  such molecules can be 
inf luenced  by r e l a t i v e l y  modest magnetic f i e l d s ,  s i n c e  t h e  e l e c t r o n s  they  
conduct are t r a v e l i n g  a t  very high speeds.  

But s i n c e  most cu r ren t  biomagnetic t heo r i z ing  i s  based on high f i e l d  
s t u d i e s  ( c f .  r e f .  SO) and, as such i s  not  s t r i c t l y  wi th in  t h e  scope of  t h i s  
paper,  t he  reader  is r e f e r r e d  t o  the  thought fu l  c o r r e l a t i o n  of modern 
hypotheses presented  i n  re ference  11. 
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REVIEW OF LOW AND NEAR-ZERO MAGNETIC FIELD STUDIES 

The r e p o r t s  of low and very low magnetic f i e l d  experiments a r e  organized 
on a b i o l o g i c a l  b a s i s .  In  a d d i t i o n  t o  near-zero f i e l d  e f f e c t s ,  t h e  s t u d i e s  
t abu la t ed  inc lude  work i n  magnetic f i e l d s  of a few Oersted i n t e n s i t y .  

Bird nav iga t iona l  s t u d i e s ,  however, a r e  a s p e c i a l  ca se .  Since they  a r e  
of a l imi t ed  scope b i o l o g i c a l l y ,  and a r e  s o  numerous, t h e  c i t a t i o n s  included 
he re  a r e  r e s t r i c t e d  t o  non-navigat ional  b i r d  s t u d i e s .  For naviga t iona l  
s t u d i e s ,  t h e  r eade r  i s  r e f e r r e d  t o  t h e  s c h o l a r l y  review by G r i f f i n  ( r e f .  51) .  
1.t i s  important t o  n o t e ,  however, t h a t  G r i f f i n ' s  doubt fu l  a t t i t u d e  concerning 
a magnetic b a s i s  f o r  b i r d  migra t ion  has p e r i o d i c a l l y  come under cha l lenge  
as newer experimental  methods have been app l i ed .  One example i s  the  r e c e n t  
r e p o r t  of  observa t ions  of  homing pigeons by h e l i c o p t e r  which c l e a r l y  
imp l i ca t e  cuing by t h e  E a r t h ' s  magnetic f i e l d  ( r e f .  5 2 ) .  

In the  o rgan iza t ion  of t h e  review presented  he re ,  t h e  taxonomic c l a s s i -  
f i c a t i o n  of t h e  experimental  s u b j e c t  ( t a b l e  2 (a ) )  forms t h e  f i r s t  category;  
t h e  b i o l o g i c a l  s u b j e c t  s tud ied  i s  placed under one of 14  headings which a r e  
e s s e n t i a l l y  i n  order  of  i nc reas ing  complexity ( r e f .  5 3 ) .  

The b i o l o g i c a l  l e v e l  of o rgan iza t ion  of t h e  experimental  sub jec t  
( t a b l e  2(b))  i s  a category modified from re fe rence  16, and has 6 terms.  

The t h i r d  category i n  t h e  t a b u l a t i o n  i s  by func t ion  and i s  shown i n  
t a b l e  2 ( c ) .  

From t h e  t a b l e s  of t h e  t h r e e  b io log ica l  ca t egor i e s  with t h e i r  enumera- 
t i o n  of p e r t i n e n t  low o r  very  low magnetic f i e l d  s t u d i e s ,  it becomes obvious 
where work needs t o  be done i n  answering t h e  ques t ion  of whether o r  no t  such 
magnetic f i e l d s  have a b i o l o g i c a l  s i g n i f i c a n c e .  Of t h e  fou r  taxonomic groups 
not  represented  by work reviewed h e r e i n ,  t h r e e  ( t h e  f u n g i ,  echinoderms, and 
amphibians) lend themselves r e a d i l y  t o  prolonged exposure wi th in  t h e  type  of 
equipment requi red  t o  produce low f i e l d s .  The func t iona l  a spec t s  of a l l  fou r  
have been wel l  s tud ied  i n  l a b o r a t o r i e s  over t h e  y e a r s ,  f o r  example, t h e  
g e n e t i c  func t ion  of t h e  fungus Neurospora, and t h e  embryonic development and 
c e l l  r e p l i c a t i o n  phenomena of t h e  s e a  urch in  and of  t h e  f r o g .  Small pr imates  
have made good s u b j e c t s  f o r  high f i e l d  s t u d i e s  ( r e f .  46) ,  and some spec ie s  of 
t h i s  order ,  bes ides ,  man, should make s u i t a b l e  s u b j e c t s  f o r  low f i e l d  work. 

While t h e r e  has  been a g r e a t  dea l  of emphasis on genera l  growth and 
behavioral  func t ions  of  whole organisms i n  low o r  n u l l  magnetic f i e l d s ,  
n e i t h e r  t h e  anatomical s u b c e l l u l a r  nor organ l e v e l  of func t ion  has  been 
s tud ied .  And it  i s  a t  t h e s e  s impler  l e v e l s  of b i o l o g i c  func t ion  t h a t  one must 
seek t h e  answers t o  t h e  t h e o r e t i c a l  problems posed by t h e  f ind ings  on t h e  
more complex l e v e l s .  

Table 3 presen t s  a summary of s e l e c t e d  r e p o r t s  o f  b i o l o g i c a l  s t u d i e s  of 
low o r  very low magnetic f i e l d s .  Most of t h e  s t u d i e s  t a b u l a t e d  concern t h e  
e f f e c t  of a marked reduct ion  of t h e  s t e a d y - s t a t e  magnetic f i e l d  i n t e n s i t y  on 
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TABLE 2.- BIOLOGICAL CATEGORIES OF EXPERIMENTAL SUBJECTS STUDIED 
IN LOW OR NEAR-ZERO MAGNETIC FIELDS 

Subcellular level, anatomical and chemical 

Tissue level, in vitro 
rissue level, in vivo 
3rgan level 

Cellular level 

hJhole organism 

~ .~ - . - . . .  

(a) Taxonomic classification 

1 
5 
4 
1 
0 
14 

Simple algae such as euglenophytes and chlorophytes 
S ch i z omy cop h y t e s (b ac t er i a) 
Eumycophytes (true fungi) 
Angiosperms (cotyledonous plants) and other embryophytes 
Protozoans 
Flatworms 
Arthropods 
Mollusks 
Echinoderms 
Amphibians and other lower chordates 
Birds 
Rodents and other lower mammals 
Subhuman primates 
Van 

. .  

(b) Level of organization 

___I_ 

Studies 
reviewed 

2 
1 
0 
2 
2 
2 
2 
2 
0 
0 
3 
3 
0 
7 

- .  

- -_ ___ 

(c) Biological function observed 
life span - death 
4ging 
howth, including body composition 
ieproduct ion 
3ehavior, including locomotion 
iervous system functions, including special senses 
4uscular system functions 
Skeletal functions 
[nt egumentary functions 
:ardiovascular functions 
le sp i r at ory functions 
Uimentary, including enzymic functions 
kdocrine functions 
ienito-urinary functions 
:ytologic and reticulo-endothelial system functions 

1 
1 
10 

3 
13 

3 
0 
0 
1 
2 
1 
2 
1 
0 
2 

~ - -  

lo 

... . 



TABLE 3 . -  BIOLOGICAL STUDIES OF LOW OR VERY LOW MAGNETIC FIELDS 

Effects observed 

Reproduction accelerated 

inhibited in high fields. 
Increased turning in aug- 
ented and redirected 
fields. (p < 0.01 to 

Reduction in size and 

in very low fields, 

p < 10-6 

Biological 
classification 

.- 
Author 
and 
year 

(ref. 54) 
Halpern, 196( 

Palmer. 1963 
(ref. 38) 

Becker. 1963 

Simple 
algae 

0-20 percent increase 
in germination after 
31 hr, -1000 seeds/batch 

Orientation parallel to 
geo., 01 applied 
field, all cases 

Growth accelerated under 
very low fields, inhibited 
under high fields 
Path distribution altered 
by applied magnetic field: 
S . D .  increased by 6' 
(p < 0.001) 

Orientation modified 
ca. 10' from mean path by 
altered gee.-field 

Applied field influenced 
degree of turning. 
(p c 0,001; all field 
configurations) 
Avoidance. or 50- shift of 
preferred sectors relative 
to field vector (p < 0.001)(ref. 
Approx. 15' leftward shift 
ir. mean paths in increased 
or altered fields 
(p < 0 . 0 0 s )  

Approx. 2" shift of mean 
path, max. at superimposed 
fields nearest geo.-levels 

(p < o . o s  to 0.005) 

(p to CO.001) 

Schizo- 
mycophytes 

Angiosperms Halpem, van 
Dyke, 1966 
(ref. 55) 

Pitman, 1964 
(ref. 39) 

Halpem, 1961 
(ref. 54) 

Brown, 1962 
(ref. 37) 

Brown, 1962 
(ref. 37) 

Picton, 1966 
(ref. 40) 

Schneider, 
1963 

56) 

Brown and 
co-workers, 
1960 
(ref. 24) 
Brown and 
co-workers, 
1964 
(ref. 57) 

.~ 

Protozoans 

F1 atworms 

Arthropods 

Mollusks 

Specific 
common 
name 

Euglena, 
Ch lore1 la  

volvox 

Bacterium 
Staph. 
m e u s  

White 
clover 
(seeds) 

Winter 
wheat 
(seed- 
lings) 
Ciliate 
(ParnmP- 
cim) 
Ciliate 
(Parame- 
cim) 

P1 anarian 
( h g e s i a )  

Fly (Dro- 
sophila) 

Beetle 
(Cock- 

Snail 
(Nas- 
sar ius)  

Snail 
(Nas- 

chafer) 

sarius) 

Level of 
organization 

Cellular 

Cellular 

Cellular 

Whole 
organism 

\'hole 
organism 

Cellular 
(=whole 
organism) 
Cellular 
(=who 1 e 
organism) 

Whole 
organism 

Whole 
organism 

Whole 
organism 

Ivh0le 
organism 

Whole 
organism 

Function 
observed 

Reproduction 

Locomotion 

Reproduction 

Growth 

Growth 

Growth 
(reproduc- 
tion) 
Locomotion 

Locomotion 

Locomotion 

Locomotion 

Locomotion 

Locomotion 

. .  
Specific 
parameter 
measured 

Reproduction 
rate 

Turning from 
migration 
course by 
coenobia 
Size and 
number of 
colonies 
Gemination 
success 

Root 
orientation 

Rate of 
reproduction 

Direction of 
migration 
path and 
amount of 
turning 
(kl inokinesis: 
Direction of 
migration and 
klinokinesis 

Orientation 
in phototaxis 
and activity 

Ultraoptic 
orientation, 
migration 
Orientation 
during photo- 
taxis 

Orientation 
during photo- 
taxis 

Magnetic 
field 

intensitya 

c 1 d e  to 
106 d e  

SO00 mOe 

51 d e  

< 0.7 d e  

Horizontal 
geo.-vector 
equivalent 
(-200 mOe) 
< 1 mOe to 
103 Oe 

1300 mOe 

170 d e  
(geo-) to 
104 moe 

2000 mOe 

i o4  d e  

170 mOe to 
1500 mOe 

40 d e  to 
104 moe 

:xposure 
luration 

1-3 weeks 

4pprox. 
1 min 

72 hr 

18 hr 

Zrowth 
period 

3 weeks 

several 
seconds 

4pprox. 
16 sec 

4pprox 
1 min 

several 
IT 

12-60 sec 

4pprox. 
1 min 

number of colonies: 
15-fold 
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TABLE 3 . -  Concluded 

Biologica l  
: l a s s i f i c a t i o n  

l i rds  

odents 

rimates 

S p e c i f i c  
common 
name 

Chicken 
(embryo) 

Chicken 
(embryo) 

Sparrow 

Mouse 

Hamster 

Mouse 

Man 

Man 

Man 

Yan 

Nan 

4an 

Jan 

~~ 

Level of 
organiza t ior  

Tissue  in 
v i t ro  

Tissue  i n  
v i  t ro  

Whole 
organism 

C e l l u l a r ,  
t i s s u e  in 
vivo 

Tissue  in 
v i t m  

Whole 
organism 

Sub c e l l  u l  a r  
(chemical) 

T issue  in 
v i t ro  

Whole 
organism 

Whole 
organism 

Whole 
organism 

Whole 
organism 

,#hole 
xganism 

Function 
observed 

Growth 
.... 

Growth 

Behavior 

Cytologic:  
(lysosomal 
enzyme 
a c t i v i t y )  

Growth 

Aging, 
growth, 
reproduc- 
t i o n  and 
behavior 

Human 
enzyme 
r e a c t i v i t y  

Growth 

Death, 
behavior,  
nerve d i s -  
orders  

Cardiovas- 
c u l a r ,  
cy to logic  

Behavior 

Behavior, 
nervous, 
c a r d i o . ,  
resp . ,  
a l imentary ,  
endocrine,  
cyto1. 

Behavior, 
nervous 
function, 
o t h e r  
func t ions  

d"Geo.-" o r  "Geomag." r e f e r s  t o  i n t e n s i t i e s  i 500 mOe. 

1 2  

S p e c i f i c  
parameter 

measured 
. . . .  . 

Blastoderm 
diameter,  ax i  
o r i e n t a t i o n ,  
composition, 
anomaly 
formation 

Embryo s i z e  ai 
development 

Amplitude and 
c h a r a c t e r  of 
motor a c t i v i t !  

Acid phospha- 
t a s e  content 1 

p e r i t o n e a l  
macrophages 

Tissue cuI tur (  
s i z e  

L i f e  span, 
l i t t e r  s i z e ,  
a c t i v i t y ,  
p o s i t i o n i n g  
and pathology 

Quantity of 
s p e c i f i c  sub- 
s t r a t e  
converted 

Tissue  cu l ture  
s i z e  

V i t a l  s t a t i s -  
t i c s  
(metropolitan) 

Blood pressure  
leukocyte 
count 

Rate of psy- 
c h i a t r i c  hospi 
t a l  admissions 

Psych. t e s t s ,  
C.F.F., E . E . G .  
E . K . G . ,  B . P . ,  
r e s p .  temp., 
weight,  P . B . I .  
leukocytes 

Psych. t e s t s ,  
C . F . F . ,  motor 
tests 

Magnetic 
f i e l d  

i n t e n s i t y  

llflfl mOe 
t o  30 Oe 

Approx. 
0.05 mOe 

Approx . 
500 t o  
1700 mOe 

< 0.8  mOe 

4pprox. 
1.5 mOe 

1.0 t0.S 
nOe 

: 0.5  mOe 
:o 5 k i l o -  
)e 

ipprox. 
1.5 mOe 

;eo. - 
f l u c t u a -  
:ions) 

;eo. - 
f l u c t u a -  
ions) 

e o .  - 
f l u c t u a -  
ions) 

Tprox. 
.5 mOe 

0 . 5  mOe 

3xposure 
i u r a t  ion  

l days 

I days 

!-9 h r  

8 h r  

'ew days 

year  

evera l  
i n u t e s  

ew days 

years  

year  

mo 

1 days 

I days 

E f f e c t s  observed 

No e f f e c t  a t  low f i e l d s ;  
30 percent  reduced diameter 
and 33 percent  increase  i n  
N-S o r i e n t a t i o n  i n  h igher  
f i e l d s ;  appearance of anom- 
a l i e s ,  decreased Fe 

Growth unaf fec ted  by very 
low f i e l d  

Increase  and change i n  
motor a c t i v i t y ,  2-4 fo ld  i n  
57 percent of cases 

31 percent  reduction i n  
snzyme a c t i v i t y  from very 
low f i e l d  animals 
(p < 0.001) 

go e f f e c t  o f  very low f i e l d  
,n t i s s u e  c u l t u r e  growth 

jhortened l i fe  span (6 mu.), 
i i  f f u s e  t i s s u e  hyperphasi a ,  
i n f e r t i l i t y  ( F Q ) ,  canni- 
ialism and supine p o s i t i o n -  
!ng 

lo s i g n i f i c a n t  a l t e r a t i o n  
if enzyme r e a c t i v i t y  i n  high 
ir very low f i e l d s  

lo e f f e c t  on growth of  th ree  
: i s sue  c u l t u r e  types 

i t r i k i n g  c o r r e l a t i o n  of i l l -  
less, deaths ,  e t c . ,  with 67 
ns tances  o f  sharp  geomag. 
l isturbances 

'ime c o r r e l a t i o n  between 
miol. parameters i n  43 sub- 
e c t s  and geomag. 
' luc tua t ions  

' o s i t i v e  c o r r e l a t i o n  between 
eomag. i n t e n s i t y  and admis- 
ion  r a t e  (p c 0.001) 

epress ion  of  C . F . F .  ( f l i c k e r  
usion) threshold,  otherwise 
o s i g n i f i c a n t  changes 

ecreased C.F .F .  th reshold  
p < 0.001) 

Author 
and 
year  

Veneziano, 
1965 
( r e f .  58) 

2reene and 
{alpern,  19C 
( r e f .  59) 

Sl 'darov anc 
Yholodov, 
1964 
[ r e f .  60) 

:onley and 
ro-workers, 
1966 
[ r e f .  61) 

;reene and 
ia lpern ,  
1966 
: r e f .  59) 

/an Dyke 
md Halpern,  
.965 
: r e f .  62) 

:onley and 
:o-workers, 
967 
r e f .  63) 

ireene and 
lalpern,  
966 
r e f .  59) 

iiill and 
1611, 1935 
r e f .  21) 

lvarez ,  193 
r e f .  2 0 )  

ecker  and 
o-workers, 
961 
r e f .  22)  

e i s c h e r  and 
i l ler ,  1964 
r e f .  13) 

e ischer  and 
o-workers, 
367 
re f .  8) 
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t h e  b i o l o g i c a l  s u b j e c t ;  t h e r e f o r e ,  t h e  c r i t e r i a  of f i e l d  g r a d i e n t  and f l u c t u a -  
t i o n s  with t i m e  a r e  omit ted.  Also, f i e l d  d i r e c t i o n  i s  considered only where 
it i s  t h e  independent v a r i a b l e ,  as i n  c e r t a i n  migrat ion and growth s t u d i e s .  

Most o f  t h e  work c i t e d  i s  q u i t e  r e c e n t ,  probably t h e  r e s u l t  o f  i n t e r e s t  
i n  c u r r e n t  space e x p l o r a t i o n  and of t h e  development o f  modern low-field pro- 
ducing equipment. Almost a l l  t h e  r e p o r t s  s e l e c t e d  were based on experiments 
with s t a t i s t i c a l  analyses  of t h e  r e s u l t s .  When experiments on s i m i l a r  spec ies  
under similar magnetic f i e l d  condi t ions  are compared, t h e r e  appear t o  b e  fewer 
c o n t r a d i c t i o n s  than  might be  suggested by a cursory scanning o f  t h e  
unorganized biomagnetic l i t e r a t u r e .  

O R I G I N A L  STUDIES (REF. 63) 

As an example o f  b i o l o g i c a l  s t u d i e s  i n  very low f i e l d s ,  t h e  d e s c r i p t i o n  
o f  a two p a r t  e f f o r t  from our  own l a b o r a t o r i e s  i s  presented  h e r e ,  

In Vivo Studies  

This s e c t i o n  descr ibes  our  observa t ions  on t h e  i n f l u e n c e  of a very low 
magnetic f i e l d  upon a s e l e c t e d  r e a c t i o n  i n  animals t o  t h e  i n t r o d u c t i o n  of a 
f o r e i g n  biopolymer. Control  animals were kept  i n  t h e  geomagnetic f i e l d ,  b u t  
were i n  otherwise i d e n t i c a l  surroundings.  

was loca ted  a t  t h e  c e n t e r  o f  a 12-foot  cube surrounded by open rec tangular  
magnetic compensating c o i l s ,  working i n  a manner analogous t o  t h e  Helmholz 
p r i n c i p l e  and balanced t o  maintain a t o t a l  f i e l d  o f  less than  80 gamma 
( 0 . 8  mOe) during t h e  incubat ion  pe r iod .  The c o i l  system occupied one-half  o f  
an i s o l a t e d  b u i l d i n g  o f  15 x 30 f o o t  p lan  dimensions, s o  t h a t  con t ro l  animals,  
loca ted  w i t h i n  t h i s  b u i l d i n g  b u t  o u t s i d e  t h e  c o i l s ,  shared t h e  same condi t ions 
of caging, v e n t i l a t i o n ,  l i g h t ,  h e a t ,  and humidity as t h e  experimental  animals 
( f i g .  5 ) .  Temperatures were recorded by c a l i b r a t e d  hygrothermographs a t  
each l o c a t i o n .  

The very low magnetic f i e l d  a r e a  (descr ibed i n  g r e a t e r  d e t a i l  i n  r e f .  27) 

Figure 5.- Perspective of space magnetic environment simulation laboratory building showing field 
control console and three-axis cubic coil assembly. 
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Materials _ _ . . _  and methods.- A l l  animals were young, male, C3H mice; con t ro l s  
and experimental  animals were housed and handled a l i k e .  
s tud ied  i n  each experimental  run ,  fou r  i n  t h e  low f i e l d  a r e a  and f o u r  i n  t h e  
con t ro l  a r ea .  They were i n  p l ace  18 hours s t a r t i n g  immediately a f t e r  
i n j e c t i o n .  

Eight  animals were 

Since t h e  ac id  phosphatase a c t i v i t y  of s e r o s a l  macrophages i s  c o r r e l a t e d  
with t h e i r  phagocyt ic  a c t i v i t y ,  t h i s  measurement was used as an index of t h e  
r e a c t i o n  t o  t h e  i n t r a p e r i t o n e a l  i n j e c t i o n  of t h e  fo re ign  subs tance .  I n i t i -  
a l l y ,  we i n j e c t e d  chicken egg albumin, producing t h e  q u a l i t a t i v e  r e a c t i o n  
i l l u s t r a t e d  i n  f i g u r e  6 .  Later, using t h e  l ipopolysacchar ied  of Escherichia 
coti, w e  found t h a t  among s e l e c t e d  s t r a i n s ,  t h e  C3H mouse exh ib i t ed  t h e  most 
d i s t i n c t i v e  q u a n t i t a t i v e  peak i n  t h i s  r e a c t i o n ,  and t h a t  i t  oqcurred a f t e r  
approximately 18 hours  of- incubat ion  ( f i g .  7 ) .  Pe r i tonea l  macrophages were 

b 

Figure 6.-  Photomicrographs of s e r o s a l  macrophages s t a i n e d  f o r  a c i d  phosphatase af ter  ha rves t ing  
by p e r i t o n e a l  lavage from (a) un t r ea t ed  con t ro l  mouse, and (b) mouse i n j e c t e d  24 hours 
previously with a fo re ign  p r o t e i n ,  showing increased enzyme i n  cytoplasm. Gomori ac id  
phosphatase s t a i n ,  coun te r s t a ined  with nuc lea r  r ed ,  ~ 1 0 0 0 .  

I SEmean 
-_- MEAN OF UNTREATED GROUP 

I I I I I I 1 I I I 
0 IO 20 30 40 50 60 70 80 
TIME IN HOURS AFTER INJECTION OF 5 O p g  

LIPOPOLYSACCHARIDE PER MOUSE 

Figure 7.- Acid phosphatase a c t i v i t y  i n  C3H mouse macrophage suspensions fol lowing i n j e c t i o n  of 
fo re ign  ma te r i a l ;  no te  peak a c t i v i t y  af ter  18 hours of incubat ion.  
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22.58 

25.58 

i 

. .  

16.92 

25.58 

obtained by s a l i n e  lavage from a l l  mice wi th in  30 minutes a f t e r  removal from 
t h e  t e s t  chamber; a b l i n d  s e l e c t i o n  technique was used. Ind iv idua l  c e l l  
suspensions were assayed f o r  t o t a l  ac id  phosphatase a c t i v i t y  by a modified 
Lowry spectrophotometr ic  method ( r e f .  6 4 ) .  The a c t i v i t y  was ca l cu la t ed  i n  
r e l a t i o n  t o  t h e  number of c e l l s  i n  t h e  f l u i d  as determined by counts made on 
a s tandard hemacytometer, and was expressed as micrograms of phenol r e l e a s e d  
by t h e  enzyme a c t i o n  p e r  f i v e  m i l l i o n  c e l l s .  

Resu l t s . -  Cons i s t en t ly  lower ac id  phosphatase a c t i v i t y  occurred i n  c e l l  
suspensions from animals kept  a t  t h e  very low f i e l d  i n t e n s i t i e s  during 
incubat ion ,  as compared with t h e  a c t i v i t y  found i n  t h e  c o n t r o l s .  

The d a t a  from one s e r i e s  of experiments ( t a b l e  4) were s u b j e c t  t o  an 
a n a l y s i s  of var iance  based on a randomized, complete block design u t i l i z i n g  
t rea tment  ( n u l l  f i e l d  exposure v s .  cont ro l )  as blocks wi th  two l e v e l s ,  and 
t h e  times of t h e  experiments ( s i x  d i f f e r e n t  da t e s )  as blocks with s i x  l e v e l s .  
The average t reatment  means were s i g n i f i c a n t l y  d i f f e r e n t  (p < 0.001) .  The 
average response f o r  t h e  con t ro l  group was 19 .3 ,  and f o r  t h e  magnetic compen- 
s a t i n g  c o i l  ( n u l l  f i e l d )  group 13.6 micrograms of phenol r e l eased  p e r  f i v e  
m i l l i o n  c e l l s ,  r ep resen t ing  a 31-percent reduct ion  i n  a c t i v i t y .  Since i t  was 
thought t h a t  environmental temperature could poss ib ly  have played a r o l e  i n  
t h e  d i f f e r e n c e  between t h e  responses of t he  n u l l  f i e l d  and t h e  con t ro l  animals,  
an a n a l y s i s  of covariance w a s  performed, u t i l i z i n g  t h e  average temperature 
ambient i n  t h e  c o i l  o r  on the  con t ro l  bench as a concomitant v a r i a b l e  f o r  t h e  

TABLE 4 . -  ENZYME ACTIVITY IN VIVO:  EFFECT OF EXPOSURE TO NULLED MAGNETIC 
FIELD 

1 Experiment number 
1 

. .  

Treatment group : 
Null f i e l d  chamber 
(<0.8 mOe) 

Cont r o 1 
(geomagnetic 
f i e l d :  -500 mOe) 
- 

1 

13.65 

21.05 

2 1 3  4 

13.50 

18.15 

.~ 
5 

5.32 

10.75 

6 

9.88 

15.12 

Means 

13. 64a 

19 ,  32a 

Difference between t rea tment  means i s  s i g n i f i c a n t  a t  p < 0.001,  by 
ana lys i s  of var iance ,  randomized complete block des ign .  

(Acid phosphatase a c t i v i t y  i n  mouse pe r i tonea l  macrophage suspensions , 
expressed as micrograms of  phenol r e l eased  pe r  f i v e  m i l l i o n  c e l l s )  

a 
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p a r t i c u l a r  day of  experiment.  The ambient temperature  was found t o  be 
nons ign i f i can t  as a f a c t o r  i n  response t o  t rea tment  ( f i g ,  8) .  

& E 30 
Ula v) *e i ACTIVITY, EARTH FIELD 
Sv-J w 2 0  k Z 0  2-12 
k - w P  
v e - 1  
a J 2 1 O  
z p '  
a m  

ACTIVITY, NULL FIELD 

g: 0 ~~ 

EXP. NO. I 2 3 4 5 6 

Figure 8 . -  Ef fec t  of a n u l l  magnetic f i e l d  and t h e  lack of an e f f e c t  of room temperature  upon 
t h e  ac id  phosphatase a c t i v i t y  of s t imula ted  mouse p e r i t o n e a l  macrophages. 

In add i t ion ,  continuous records  of t h e  l o c a l  geomagnetic f i e l d  taken 
during t h e  per iods of  our  experiments were examined. The d a t a  were reduced 
and an ana lys i s  revea led  no c o r r e l a t i o n s  between f l u c t u a t i o n s  i n  t h e  ambient 
n a t u r a l  f i e l d  and t h e  p a t t e r n  of  our b i o l o g i c a l  f i n d i n g s .  

In another  s e r i e s ,  a macrophage "priming" e f f e c t  was achieved by t h e  
i n t r a p e r i t o n e a l  i n j e c t i o n  of  s t e r i l e ,  complete Freund's  adjuvant  a few weeks 
p r i o r  t o  t h e  i n j e c t i o n  of  t h e  l ipopolysacchar ide .  This  p repa ra t ion  y i e lded  
a g r e a t e r  number of macrophages p e r  animal with gene ra l ly  h ighe r  ac id  phos- 
pha tase  a c t i v i t y  i n  both t h e  n u l l  f i e l d  and con t ro l  groups than  was seen i n  
t h e  f i r s t  s e r i e s .  Nonetheless,  t h e  experimental  r e s u l t s  were t h e  same as i n  
t h e  f i r s t  s e r i e s ,  with s i g n i f i c a n t l y  (p < 0 .002)  lower enzyme a c t i v i t y  from 
a l l  n u l l  f i e l d  groups as compared with c o n t r o l s  ( f i g .  9 ,  t a b l e  5 ) .  

4 0 -  
0 = N U L L  FIELD 
n = EARTH FIELD 2v-J 

a-I  k-1 

> w  
K O  I SEMEAN 

IMEN T NO . I  
1 

2 3 

t 

c 

Figure 9 . -  Macrophage a c i d  phosphatase a c t i v i t y :  Ef fec t  of null magnetic f i e l d s  a f t e r  prepara t ion  
of mice with Freund's adjuvant .  
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Treatment 

Within groups 

TABLE 5. - COMPARISON OF FREUND'S ADJWANT PREPARED GROUPS 
ANALYSIS OF VARIANCE TABLE 

642.37 12.74 p < 0.002 1 

2 1  50.39 

[Single  class i f  i c a t  ion]  

In  two sham experiments ,  four  groups of  mice were t r e a t e d  as i n  t h e  f i r s t  
s e r i e s ,  except  t h a t  t h e  compensating c o i l s  were no t  a c t i v a t e d .  No s i g n i f i c a n t  
d i f f e rences  between t h e  groups were observed. 

Conclusions.-  . While it appears t h a t  between-day f a c t o r s  produced d i f -  
fe rences  i n  a c t i v i t y  a t  l e a s t  as g r e a t  as those  seemingly r e l a t e d  t o  magnetic 
f i e l d  d i f f e r e n c e s ,  no c o r r e l a t i o n s  with day-to-day temperature  changes nor  
with the  concurrent  small geomagnetic f l u c t u a t i o n s  were found. The cons is -  
t e n t l y  lower a c t i v i t y  l e v e l s  i n  c e l l s  from t h e  chamber animals  impl ies  a pos- 
s i b l e  i nve r se  r e l a t i o n s h i p  between t h i s  p a r t i c u l a r  a spec t  of c e l l  func t ion  
in vivo, and t h e  ambient magnetic f i e l d  s t r e n g t h .  

In V i t r o  Studies  

The fol lowing p o s s i b i l i t i e s ,  s i n g l y  o r  i n  combination, a r e  suggested by 
t h e  f ind ings  descr ibed  above: 

1. The r a t e  o f  product ion o f  enzyme by t h e  macrophages w a s  reduced. 

2 .  A de fec t ive  enzyme was produced. 

3 .  The enzyme produced underwent acce le ra t ed  dena tu ra t ion  i n  t h e  
reduced magnetic f i e l d .  

The presence of  paramagnetic t r a n s i t i o n  metals i n  h y d r o l y t i c  enzymes of  
t h e  type assayed i n  t h e  above s tudy  sugges ts  t h a t  magnetic f i e l d  e f f e c t s  on 
enzymes might d e r i v e  from d i r e c t  ac t ion  on such meta ls .  Smith and Cook 
( ref .  34) ,  Akoyunoglou ( r e f .  35) and Wiley and co-workers ( r e f .  36) have 
shown enhancement o f  enzyme a c t i v i t y  fol lowing exposure t o  h igh  magnetic 
f i e l d s .  But Maling and co-workers ( r e f .  65) found no e f f e c t  when t h e  enzyme- 
s u b s t r a t e  systems they  used were allowed t o  r e a c t  i n  a 100 ki lo-Oersted f i e l d .  
Since none of  t h e s e  s t u d i e s  involved ac id  phosphatase o r  t h e  nu l l ed  f i e l d  
environment, w e  observed both nu l l ed  and high (ki lo-Oersted)  magnetic f i e l d  
e f f e c t s  on t h e  a c t i v i t y  o f  t h i s  enzyme, as well as two o t h e r s ,  in v i t r o .  
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Materials _ _  and methods-.- The n u l l e d  f i e l d  (< 0.5 mOe) observa t ions  were 
made i n  t h e  Ames space magnetic environment s imula t ion  f a c i l i t y  ( f i g .  3 ) .  
Temperature r egu la t ion  o f  experimental  and con t ro l  incubat ion  v e s s e l s  was 
achieved wi th  a P rec i s ion  c losed  c i r c u i t ,  constant  temperature  water b a t h .  
The high f i e l d  observa t ions  were made with a Varian Model V-4007 6-inch water 
cooled electromagnet having V-4037 tapered  po le  caps with 3-inch faces, pro- 
v id ing  a uniform f i e l d  o f  5.7 k i lo-Oers ted  with 95-percent homogeneity over  a 
2-1/2-inch diameter.  

A c losed  p l a s t i c  water ba th  he ld  t h e  experimental  t e s t  tubes i n  groups 
of  t h r e e  wi th in  t h e  uniform f i e l d  area. The water  ba th  was c i r c u l a t e d  i n  
p a r a l l e l  with t h e  con t ro l  incubat ion  vesse l  by means o f  a Haake Model F 
cons tan t  temperature  c i r c u l a t i n g  water  pump. 

The enzyme-substrate r e a c t i o n  systems s tud ied  cons i s t ed  of  t h e  q u a l i t y  
con t ro l  s tandards  f o r  a l k a l i n e  and ac id  phosphatase,  wi th  r e a c t i v i t y  assayed 
by t h e  Lowry-Brock method, and t h e  s tandards  f o r  t h e  g lu tamic-oxalace t ic  
transaminase r eac t ion ,  assayed by t h e  Reitman-Frankel assay  method. T h i r t y  
and 60 minute incubat ion  t imes were used, r e s p e c t i v e l y  (cf.  refs. 64 and 66) .  

Resul t s . -  The r e s u l t s  i n  t a b l e  6 show t h e  lack  o f  any s i g n i f i c a n t  e f f e c t  
o f  e i t h e r  high o r  low f i e l d  upon t h e  in v i t r o  a c t i v i t i e s  o f  t h e  t h r e e  enzymes. 
These r e s u l t s  are consonant with those  o f  Maling and co-workers ( r e f .  65) .  
But n e i t h e r  Maling 's  work nor  ours  ( c f .  ref .  63) should be construed t o  con- 
t r a d i c t  t h e  f ind ings  of t h e  t h r e e  o t h e r  groups ( r e f s .  34, 35, and 36) ,  s i n c e  

TABLE 6.-  ENZYME ACTIVITY IN VITRO: LACK OF A SIGNIFICANT EFFECT 

Enzyme 

Experiment number 

b 

b 

.. 

1 Acid phosphatase 

2 Acid phosphatase 

3 Alkal ine phosphatase 

4 Alkal ine phosphatase 

5 Transaminase' (glutamic- 

6 Transaminase (glutamic- 

b 

b 

oxa lace t i c )  

oxa lace t i c )  

C 

._ 

%ans (2s .  E .  

bLowry-Brock u n i t s  

'Reitman-Frankel u n i t s  

OF MAGNETIC FIELD VARIATION 

[Ac t iv i ty  Levela] 

Grouped by magnetic f i e l d  e 
Null : 

(10.5 mOe) 
~ ._ .. 

1 . 2 1  (kO.01) 

6.02 (T0.18) 

92.3 (21.19) 

_ _  
Geomagnetic: 

( con t ro l :  0 .5  Oe) 
._ 

1 . 2 2  (20.02) 

1.34 (20.03) 

5 .83  (20.27) 

5.33 (k0.41) 

93.2 (20.99) 

93.5 (20.74) 

osure 

1.36 (20.04 

4.90 (20.18 

94.6 (20.88) 
. .  

d Signif icance - 

t -va lues  
(df 2 18) 

0.500 

0.444 

0.189 

0.962 

0.600 

dt-values  < 1 .0  with d f  = 18 i n d i c a t e  a lack o f  s i g n i f i c a n c e  at t h e  70-percent l eve l  
(p > 0.30) 
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both Maling and ;e used f r e s h ,  un t r ea t ed  enzyme which w a s  already i n  contact 
with t h e  s u b s t r a t e  by t h e  t ime t h e  a l t e r e d  magnetic f i e l d  was appl ied ,  and 
t h i s  a p p l i c a t i o n  w a s  only f o r  t h e  dura t ion  o f  t he  r e a c t i o n  per iod .  The 
ear l ie r  workers had a l l  pretreated t h e i r  enzymes by exposure t o  high f i e l d s  
f o r  a t  l e a s t  an hour ,  and Wiley's group even showed a c o r r e l a t i o n  between 
length  of exposure and percent  enzyme r e a c t i v a t i o n .  

Conclusions.-  I n  our  i n  vivo experiments (ref. 61) t h e  enzyme was 
r e l eased  by s o n i c  d i s r u p t i o n  of  t h e  macrophages wi th in  a h a l f  hour a f t e r  
removal of  t h e  mice from t h e  n u l l e d  f i e l d ,  and it is  poss ib l e  t h a t  a q u a l i t a -  
t i v e  change i n  t h e  enzyme could have been produced by t h e  f i e l d  and could 
have caused our  r e s u l t s .  So t h e  i n  v i t r o  s t u d i e s  presented  i n  t h i s  s e c t i o n  
were done with t h e  i d e a  t h a t  i f  a l t e r e d  magnetic f i e l d s  do, i n  f a c t ,  cause 
some such d i r e c t  molecular  changes i n  the  enzymes r e s u l t i n g  i n  dena tura t ion ,  
then t h e  a p p l i c a t i o n  of  such f i e l d s  could be expected t o  produce a l t e r e d  
r e a c t i o n  rates when t h e  enzyme-substrate system was exposed during t h e  
r e a c t i o n  pe r iod .  Our f ind ing  of  t he  l a c k  o f  such an e f f e c t  on f r e s h  enzyme 
does not  completely exclude t h e  p o s s i b i l i t y  t h a t  malformation o r  dena tura t ion  
was an ope ra t ive  mechanism i n  t h e  i n  v ivo  experiments.  But t he  r e s u l t s  do 
seem t o  favor  a gradual ,  cumulative effect of t h e  markedly reduced magnetic 
f i e l d .  This e f f e c t  i s  v i s u a l i z e d  as equiva len t  t o  t h e  loss of a favorable 
bias  on a complex sequence o f  c e l l u l a r  events  r e s u l t i n g  i n  a q u a n t i t a t i v e  
change, and i n  t h i s  case ,  suggest ing t h e  f irst  o f  t h e  t h r e e  poss ib l e  explana- 
t i o n s  c i t e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  p a r t  ( i . e . ,  a reduced enzyme 
product ion r a t e ) .  

Discussion.-  I n  r econc i l ing  our  f ind ings ,  w e  must seek an explana t ion  f o r  
an e f f e c t  which appears t o  r e q u i r e  more of t h e  phys io logica l  mi l i eu  than a 
simple enzyme-substrate system, and which may be r e l a t e d  more t o  t h e  r a t e  of  
product ion of  a s p e c i a l i z e d  enzyme p r o t e i n  than t o  the  q u a l i t y  o f  t h a t  pro- 
duc t .  A p o s s i b l e  in fe rence  i s ,  t h a t  t o  be b i o l o g i c a l l y  e f f e c t i v e ,  a magnetic 
f i e l d  may have t o  act  across  a r a t h e r  ex tens ive  conduction system, on t h e  
molecular s c a l e ,  and f o r  a f a i r l y  long t ime, i n  propor t ion  t o  t r a d i t i o n a l  
e l e c t r i c a l  phenomena. Both condi t ions  imply a cumulative ac t ion  of  t he  fo rce  
f i e l d .  A somewhat p a r a l l e l  i n fe rence  was drawn by Solov 'ev ( r e f .  67 ) ,  who 
f e l t  h i s  own experimental  f i nd ings  ind ica t ed  t h a t  those  b i o l o g i c a l  media 
which appeared s e n s i t i v e  t o  an e x t e r n a l ,  appl ied  magnetic f i e l d  could be 
cha rac t e r i zed  by t h e i r  r e l a t i v e l y  slow processes .  

In  summary, t h e  absence i n  t h e  second set  of our own experiments of  an 
e f f e c t  of e i t h e r  high o r  low magnetic f i e l d s  upon i n  v i t r o  enzyme-substrate 
r e a c t i o n s ,  i n  t h e  presence o f  our  e a r l i e r  p o s i t i v e  f ind ings  of  an e f f e c t  from 
n u l l  f i e l d  exposure o f  i n t a c t  animals t oge the r  with t h e  p o s i t i v e  f ind ings  of  
o t h e r s  using enzyme pre t rea tment  systems, sugges ts  t h a t  any b i o l o g i c a l  
in f luence  exe r t ed  by magnetic f i e l d s  may be d e t e c t a b l e  only i n  cases of  
f a i r l y  prolonged exposure of  complex sequences of  c e l l u l a r  o r  biochemical 
events  r a t h e r  than  i n  systems involving t h e  ins tan taneous  a p p l i c a t i o n  of  a 
d i r e c t  magnetic f o r c e  upon a s i n g l e ,  s p e c i f i c  chemical r e a c t i o n .  

19 



I I 1111111 I I 1  

COMMENTS 

The complexity of  t h e  problems i n  t h e  sea rch  f o r  and exp lo ra t ion  o f  
b i o l o g i c a l  effects o f  magnetic f i e l d s  i s  almost overwhelming. I t  would appear 
t o  b e  the  o b l i g a t i o n  o f  consc ien t ious  workers i n  t h i s  f i e l d  t o  a v a i l  them- 
s e l v e s  of  t he  i n s i g h t s  o f  both o f  t h e  major d i s c i p l i n e s ,  chemical phys ics  and 
i n t e g r a t i v e  b io logy ,  app l i cab le  h e r e .  Not many r e sea rche r s  are equipped t o  
do t h i s  a lone,  b u t  a l l  workers can encourage t h e  c o l l a b o r a t i o n  o f  s c i e n t i s t s  
with complementary t r a i n i n g .  

Also, t he  general  advice o f  Longuet-Higgins ( ref .  68) as t o  how t o  
perform b i o l o g i c a l  experiments would seem t o  apply h e r e ;  h e  writes t h a t  it i s  
usua l ly  more f r u i t f u l  t o  look f o r  simple phys ica l  ana logies  than t o  engage i n  
pure ly  quantum mechanical d i scuss ions .  But i t  i s  important  i n  biomagnetic 
t heo r i z ing  t o  keep i n  mind t h a t  ana logies  t o  r a d i o b i o l o g i c a l  phenomena should 
be appl ied  with cau t ion ,  s i n c e  i n  r a d i a t i o n  experiments ,  t h e  environmental 
v a r i a b l e  i s  a form o f  energy, while  i n  magnetic f i e l d  s t u d i e s ,  it i s  a form 
o f  f o r c e ,  two e n t i t i e s  with q u i t e  d i f f e r e n t  phys ica l  dimensions.  

While experiments with i n t a c t  organisms are very hard  t o  i n t e r p r e t ,  
they se rve  two important  purposes;  f i r s t ,  they provide manageable u n i t s  f o r  
i n i t i a l  sc reening  s t u d i e s ,  and second, they provide ready evidence f o r  t h e  
p r a c t i c a l  s i g n i f i c a n c e  of  any demonstrable magnetic f i e l d  e f f e c t s ,  

Most impor tan t ly  now are needed i n  v i t r o  s t u d i e s  of  any impl ica ted  
b io log ica l  systems, and experiments on i n  v i v o  systems,  such as t h e  pre-  
v ious ly  uninves t iga ted  fung i ,  echinoderms, and amphibians, made as simple as  
t h e i r  i n t e g r i t y  w i l l  a l low,  s o  as t o  permit  more e x p l i c i t  t h e o r e t i c a l  
i n t e r p r e t a t i o n .  

In add i t ion ,  t h e r e  i s  a need f o r  fol lowing such s imple systems through 
a broad range o f  magnetic f i e l d  i n t e n s i t i e s ,  s o  t h a t  i f  and when b i o l o g i c a l  
a l t e r a t i o n s  a r e  e l i c i t e d ,  a q u a n t i t a t i v e  c o r r e l a t i o n  wi th  f i e l d  s t r e n g t h s  
might be made. 

Las t ly ,  it seems t h a t  much of  t h e  r e sea rch  f o r  s i g n i f i c a n t  i n t e r a c t i o n s  
between b i o l o g i c a l  systems and t h e  magnetic environment has  s u f f e r e d  from a 
lack o f  p e r s i s t e n c e .  
f ind ings  could have been extended by simple r e p e t i t i o n  ( t h e  a c q u i s i t i o n  of  
more data)  with g r e a t  p r o f i t  i n  many i n s t a n c e s .  

The p u r s u i t  o f  both s p e c i f i c  p o s i t i v e  and nega t ive  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e ld ,  C a l i f . ,  94035, Sept .  26 ,  1969 
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